Abstract. The peroxisome proliferator-activated receptor γ (PPARγ) agonist pioglitazone has been widely used in previous studies to ameliorate diabetes mellitus and regulate inflammation. However, the present study aimed to investigate the effect of pioglitazone on macrophages and determine its impact on renal fibrosis in vivo. Firstly, bone marrow-derived macrophages (BMDM) were used to detect the effects of pioglitazone on macrophages in vitro. It was demonstrated that pioglitazone promoted M2 macrophage activation and induced vascular endothelial growth factor receptor 3 (VEGFR3) upregulation in a PPARγ-dependent manner. Furthermore, pioglitazone increased macrophage proliferation and macrophage VEGFR3 expression in a murine unilateral ureteral obstruction (UUO) model; however, it had no therapeutic effect on renal fibrosis in vivo. Therefore, the results in the present study implied that presence of M2 macrophages may inhibit pioglitazone's ability to attenuate UUO-induced renal fibrosis. In addition, the results demonstrated that macrophage-associated VEGFR3 could be induced by pioglitazone, although it is still unclear what role VEGFR3 + M2 macrophages have in renal fibrosis.
Introduction
Chronic kidney disease (CKD) is a progressive loss in kidney function over a period of months or years. There is a high global prevalence of CKD, which imposes an enormous socioeconomic burden on individuals with the disease and society (1) (2) (3) . Renal fibrosis is thought to be the common final outcome of almost all CKD (4) . In the present study, a murine unilateral ureteral obstruction (UUO) model was used to generate renal fibrosis in vivo (5) .
Macrophages are important immune cells, which can be divided into two main subtypes, namely M1 and M2. They serve a crucial role under both pathological and physiological conditions. In the context of kidney disease, M1 macrophages have been demonstrated to exert a pathogenic function in renal inflammation and may represent a possible therapeutic target (6) . M2 macrophages appear to suppress inflammation and promote injury repair; therefore, representing a potential treatment for renal disease. However, M2 macrophages may also function as a fibrosis promoter (7) . Studies have indicated that targeting macrophages, including macrophage depletion, disruption of macrophage recruitment and genetic alteration of macrophage activity, may be used as novel therapeutic approaches in a range of diseases (8, 9) , including inflammation and cancer.
Peroxisome proliferator-activated receptor γ (PPARγ), which forms a heterodimer with the retinoid X receptor on peroxisome response elements, is a ligand-activated transcription factor that regulates glucose and lipid metabolism, immune responses, and inflammation (10) . PPARγ is expressed in several cell types, including immune cells and various epithelial and muscle-like cells (10) . The PPARγ agonist pioglitazone is used worldwide to treat patients with diabetes (11) . Pioglitazone takes part in several physiopathologic processes, including glucose metabolism, lipogenesis, inflammation, proliferation, apoptosis and fibrosis, vascular reactivity (12) . A previous study demonstrated that macrophage PPARγ was necessary for accelerating pioglitazone-mediated recovery from dextran sodium sulfate colitis (13) . However, the specific mechanisms underlying the effect of pioglitazone on macrophages requires further study.
In the present study, the aim was to determine whether pioglitazone may influence macrophages through PPARγ and to investigate its role on renal fibrosis in vivo. Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 30% L929 conditioned medium at 37˚C. The medium was changed at day 3 and day 5. L929 conditioned medium was the supernatant from growing L929 cells in DMED-containing 10% FBS for 5 days. After 7 days incubation, bone marrow-derived macrophages (BMDMs, M0) were harvested. 100 ng/ml lipopolysaccharide (LPS) and 6 ng/ml interferon (IFN)-γ were used to stimulate M0 and M1 macrophages which were harvested after 24 h. In addition, M2 macrophages were induced by stimulating M0 macrophages with 10 ng/ml interleukin (IL)-4 and 10 ng/ml IL-13 for 24 h. IL-4, IL-13, LPS and IFN-γ were purchased from PeproTech, Inc. (Rocky Hill, NJ, USA). Pioglitazone and PPARγ antagonist GW9662 were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). M0 macrophages were stimulated with pioglitazone (5 µm) for 24 h in the presence or absence of GW9662. PPARγ inhibitor GW9662 (5 µm) was added 6 h before treatment with pioglitazone.
Materials and methods

Cells
Western blot analysis. Cells and mouse kidney tissues were lysed using radio immunoprecipitation assay buffer containing a protease inhibitor cocktail (Wuhan Saiweier Biotechnology Co., Ltd., Wuhan, China) on ice for 30 min, then centrifuged at 16,500 x g for 30 min at 4˚C to collect the supernatant. Protein concentration was quantified by a BCA protein assay kit (Beyotime Institute of Biotechnology, Shanghai, China). A total of 20 µg protein was separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes containing cellular protein were blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. Then they were incubated overnight at 4˚C with rabbit anti-arginase1 (Arg1; cat. no. sc-20150; 1:400; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit anti-vascular endothelial growth factor receptor 3 (VEGFR3; cat. no. sc-321; 1:400; Santa Cruz Biotechnology, Inc.), mouse anti-inducible nitric oxide synthase (iNOS; cat. no. sc-7271; 1:200; Santa Cruz Biotechnology, Inc.) and rabbit anti-α-tubulin (1:5,000; cat. no. ab18251; Abcam, Cambridge, MA, USA). The membranes containing tissue protein were incubated overnight at 4˚C with rabbit anti-α-smooth muscle actin (SMA; cat. no. ab5694; 1:1,000; Abcam), rabbit anti-platelet-derived growth factor receptor (PDGFR)-β (cat. no. ab32570; 1:1,000; Abcam), rabbit anti-PPARγ (cat. no. AP20705a; 1:1,000; Abgent, Inc., San Diego, CA, USA), rabbit anti-phosphorylated (p)-PPARγ (cat. no. ab195925; 1:1,000; Abcam) and mouse anti-GAPDH (1:3,000; Abcam; cat. no. ab8245). Following cultivated with goat anti-rabbit or goat anti-mouse secondary antibodies (1:10,000; cat. no. A27036SAMPLE; cat. no. A28177SAMPLE; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C for 1 h, membranes were incubated with horseradish peroxidase (HRP)-conjugated immunoglobulin G (1:5,000; cat. no. 323065021; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 1 min at room temperature. The protein bands were detected using a ChemiDOC™ XRS+ system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Densitometric analysis was performed using Image Lab™ software version 6.0.1(Bio-Rad Laboratories, Inc).
UUO mouse model. MaleC57/BL6 mice (n=18, weight 20-22 g; age, 6-8 weeks) were obtained from the Hua Fukang Experimental Animal Center (Beijing, China) and housed at the animal facilities at Tongji Medical Collage in an air-controlled room (temperature 23±1%, humidity 55±5%) under a 12-h light/dark cycle with free access to standard food and water. All the animal raising and handling protocols approved by the Institutional Animal Care and Use Committee of Tongji Medical College, Huazhong University of Science and Technology. The study was approved by the Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). Animals were divided into three groups: Sham group (n=4), UUO group (n=7) and UUO + pioglitazone group (n=7). The UUO renal fibrosis model was induced as previously described (14) . Briefly, an incision was made in the midline of the abdomen, and the left proximal ureter was exposed and was ligated at two separate locations using 4-0 silk suture. Mice in the sham group underwent the same surgical procedures except for ligation. The sham and UUO groups were administered a daily oral gavage of saline, whereas the UUO + pioglitazone group received 20 mg/kg pioglitazone. The dose of pioglitazone was determined according to previous studies (14) . Subsequently, mice were sacrificed 14 days after UUO operation. Kidneys were excised, fixed with 4% paraformaldehyde 24 h in room temperature, then dehydrated in a graded series of alcohol (Wuhan Goodbio Technology Co., Ltd., Wuhan, China) and finally embedded in paraffin (Wuhan Goodbio Technology Co., Ltd.) as previously described (15).
Immunofluorescence staining. The 3 µm paraffin sections were treated with xylene and hydrated with graded ethanol. Following incubation with 10 mM sodium citrate buffer (pH 6) at 100˚C for 20 min for antigen revival, the sections were blocked with normal goat serum (cat. no. ab7481; Abcam) for 20 min at room temperature as previously described (15) . Subsequently, sections were incubated with mouse anti-F4/80 primary antibodies (cat. no. sc-377009; 1:50; Santa Cruz Biotechnology, Inc.) and rabbit anti-VEGFR3 primary antibodies (cat. no. sc-321; 1:50; Santa Cruz Biotechnology, Inc.) at 37˚C for 120 min. Alexa Fluor 488-or Cy3-conjugated secondary antibodies goat anti-rabbit, or Donkey anti-mouse immunoglobulins (cat. no. GB25303/GB21401; 1:200; Wuhan Saiweier Biotechnology Co., Ltd.) were used to visualize antigen-antibody complexes at 37˚C for 30 min. Nuclei were stained with DAPI at room temperature for 5 min (2 µg/ml; cat. no. D9542; Sigma-Aldrich; Merck KGaA). Digital images were captured with a fluorescent microscope (Olympus Corporation, Tokyo, Japan).
Immunohistochemistry. Following antigen retrieval with citrate buffer (pH=6.0) as above, the 3-µm paraffin sections were incubated with 3% H 2 O 2 for 10 min at room temperature, and then blocked with normal goat serum (cat. no. ab7481; Abcam) for 30 min at room temperature. Sections were incubated with primary antibodies against α-SMA (cat. no. ab5694; 1:300; Abcam), F4/80 (cat. no. sc-377009; 1:50; Santa Cruz Biotechnology, Inc.) and Collagen-4 (cat. no. ab6586; 1:300; Abcam) overnight at 4˚C. Then, biotinylated goat anti-rabbit secondary antibody (cat. no. GB23204; 1:100; Wuhan Saiweier Biotechnology Co., Ltd.) was used added for 30 min at room temperature followed by horseradish peroxidase-conjugated streptavidin (OriGene Technologies, Inc., Beijing, China) and 3,3'-diaminobenzidine staining (OriGene Technologies, Inc.) for several seconds at room temperature, until the sections changed to brown, when the reaction was halted with water. Digital images were captured with an optical microscope (Olympus Corporation, Tokyo, Japan).
Statistical analysis. All statistical analyses were conducted using SPSS version 12.0 (SPSS, Inc., Chicago, IL, USA). The data are expressed as the mean ± standard error of the mean from 3 independent experiments. Multiple group comparisons were performed using one-way analysis of variance followed by Dunnett's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference.
Results
Identification of macrophages induced by LPS/IFN-γ and IL-4/IL-13.
Macrophage maturity and subsequent polarization were confirmed by phase-contrast microscopy. Bone marrow cells were differentiated into macrophages over the course of 7 days. Initially, Macrophages were small, round and formed colonies, which were firmly adherent to the cell culture plate. Macrophage differentiation and subsequent polarization had a marked impact on cell morphology. The majority of M0 macrophages were elongated and spindle-shaped, whereas M1 macrophages were round and M2 macrophages were cone-shaped (16) (Fig. 1A) . M1 and M2 macrophages induced by LPS/IFN-γ and IL-4/IL-13, respectively, were characterized by western blot analysis. Both cell cultures were assessed for Arg1 and iNOS. iNOS protein expression levels were significantly upregulated in M1 macrophages, whereas Arg1 was significantly upregulated in M2-polarized macrophages (Fig. 1B-D) .
Pioglitazone promotes M2 macrophage polarization. To identify the effect of pioglitazone on M0 to M1/M2 macrophage polarization, M0 macrophages were treated with the drug. Pioglitazone had no effect on M0 to M1 macrophage polarization according to M1 Marker iNOS ( Fig. 2A and D) . However, pioglitazone could polarize M0 macrophages towards an M2 phenotype. Notably, this process was not inhibited by GW9662 (a specific antagonist of PPARγ), which indicated that an alternative pathway that does not require PPARγ was involved in regulating this process ( Fig. 2A-C) . It was found that the expression of VEGFR3 in M0 macrophages was similar to Arg1 with pioglitazone or GW9662 ( Fig. 2A and B) .
Pioglitazone promotes M2 macrophage activation and upregulates VEGFR3. To explore whether pioglitazone is associated with M2 macrophage activation in vitro. M0 macrophages were cultured with different concentrations of pioglitazone. The western blot results demonstrated that M2 macrophage maker was increased, particularly in the 20 µM group (Fig. 3A and B) . M1 macrophages activation were not be affected by pioglitazone (Fig. 3D and E) . In addition, the protein expression levels of VEGFR3 were increased in M2 macrophages (Fig. 3C ). However, this was not observed in M1 macrophages (Fig. 3F) .
Pioglitazone-induced upregulation of VEGFR3 is PPARγ-dependent. Subsequently, it was investigated whether pioglitazone-induced upregulation of VEGFR3 in M2 macrophages is related to PPARγ. The results demonstrated that pioglitazone could promote M2 activation, which was inhibited by GW9662, a specific antagonist of PPARγ ( Fig. 4A and B). VEGFR3 protein expression levels were increased in M2 macrophages following pioglitazone treatment, which was reversed by GW9662 ( Fig. 4A and C) . This confirmed that pioglitazone may enhance the expression of VEGFR3 through PPARγ.
Pioglitazone upregulates the expression of p-PPARγ and promotes macrophage proliferation of in vivo.
To determine the effect of pioglitazone in vivo, a UUO mouse model was established, and the p-PPARγ and total PPARγ expression levels in the kidney tissue were measured by western blot analysis. As shown in Fig. 5A -C the total PPARγ expression levels did not change in the presence or absence of pioglitazone; however, the p-PPARγ expression levels were significantly upregulated in the UUO + pioglitazone group compared with the UUO group (Fig. 5A-B) . Furthermore, pioglitazone promoted the proliferation and infiltration of macrophages (Fig. 5D) .
Pioglitazone increases the expression of VEGFR3 in macrophages in vivo.
To further determine whether pioglitazone could increase the expression of VEGFR3 in macrophages in vivo, double immunofluorescence staining of F4/80 and VEGFR3 was performed on kidney tissues from the sham, UUO and UUO + pioglitazone groups. In the sham group, the expression of F4/80 and VEGFR3 was low, whereas F4/80 and VEGFR3 expression levels were increased in the UUO model. Following pioglitazone treatment, the expression of F4/80 was increased, which was in line with the immunohistochemistry results. In addition, the level of VEGFR3 was greater in the UUO + pioglitazone group compared with in the UUO group, and expression was localized in the macrophages (Fig. 6 ).
Pioglitazone has no therapeutic effect on renal fibrosis in CKD.
To further explore the therapeutic effect of pioglitazone on renal fibrosis in vivo, collagen-4, α-SMA and PDGFR-β were detected by immunohistochemistry and western blot analysis. In the sham group, α-SMA was only expressed in the small arteries (Fig. 7A) . Following UUO, α-SMA was upregulated in the renal interstitium, which was not reduced by pioglitazone treatment. Collagen-4 was visible in the renal interstitium of the sham group; however, its expression was higher in the UOO group. In addition, pioglitazone treatment did not decrease collagen-4 expression in the UOO model. Western blotting also demonstrated similar results. No significant changes in protein expression levels of PDGFR-β and α-SMA were observed following pioglitazone treatment compared with UUO group, and these two proteins were lower in sham compared with the UUO group (Fig. 7B-D) .
Discussion
In the present study, it was demonstrated that pioglitazone promoted the polarization of M2 macrophages. Stimulation of M2 macrophages with pioglitazone increased expression of VEGFR3, which was dependent on PPARγ. Furthermore, pioglitazone increased the expression levels of p-PPARγ in an in vivo UUO model, which was accompanied by increased infiltration of VEGFR3-expressing macrophages. However, pioglitazone did not appear to have a therapeutic effect on renal fibrosis. Macrophages are heterogeneous populations that serve an important role in kidney homeostasis, but can also be activated to cause renal injury, or promote chronic fibrosis, when there is an ongoing renal insult (17) . There are a number of mechanisms by which macrophages can promote renal fibrosis, including macrophage-to-myofibroblast transition (18, 19) . The present study revealed that pioglitazone promoted M0-M2 macrophage polarization, which was not mediated by PPARγ. However, pioglitazone has been identified as a high affinity ligand for PPARγ, and may also activate other PPAR subtypes, including PPARα, albeit with weak affinity (20) . These discrepancies in results may be attributed to a difference in pathologic state, and further studies are required to confirm the underlying mechanisms. Furthermore, pioglitazone enhanced the activation in M2 macrophages by activating PPARγ, which was consistent with a previous study where BMDM were co-cultured with cancer cells (21) . Pioglitazone has a strong ability to promote proliferation and infiltration of macrophages in vivo, which may promote fibrogenic activities (22) . Vascular endothelial growth factor C (VEGF-C) and its receptor, VEGFR3, also known as Fms related tyrosine kinase 4, are the central pathway for proliferation, migration and survival of lymphatic endothelial cells (LECs) (23) . A previous study indicated that the VEGF-C/VEGFR-3 axis serves a vital role in not only LECs, but also a variety of other cells, including tumor cells, DCs and macrophages (24) . Previous studies have also reported the beneficial effects of the VEGF-C/VEGFR3 pathway in mediating M0 polarization to M1/M2 and ameliorating experimental inflammatory bowel disease (25, 26) . However, VEGFR3 in macrophages in the context of renal fibrosis requires further investigation. To the best of our knowledge, the present study revealed for the first time that treatment of M2 cells with pioglitazone increased the expression levels of VEGFR3 via a PPARγ-dependent pathway. However, the effect of pioglitazone on renal fibrosis remains unclear.
PPARγ has an important role in regulating metabolic homeostasis, and pioglitazone has been reported to induce activation of PPARγ and exert anti-inflammatory effects (27, 28) . As a type of antidiabetic drug, PPARγ agonists not only serves a reno-protective role in diabetic nephropathy but also has potential therapeutic effects in non-metabolic kidney disease (29) . A previous study reported that pioglitazone treatment serves a potential protective role in non-metabolic nephropathy, such as aging-related progressive renal injure (30) . In experimental mammal kidney disease studies, pioglitazone prevented the NF-κB activation and reduced the kidney damage in cisplatin-treated mice (12) , attenuated renal ischemia-reperfusion injury through its anti-inflammation effect (31) and decrease the renal cyst growth in a rat model of polycystic kidney disease (32) . However, the effect of pioglitazone on renal fibrosis is limited and controversial (33) (34) (35) . A recent study reported that pioglitazone protects against renal fibrosis in 5/6 nephrectomized rats (36) . Conversely, in our previous study pioglitazone failed to attenuate non-diabetic UUO-induced renal fibrosis, although it partially regulated CD4 + T lymphocyte-associated cytokines (14) . In addition, the present study further demonstrated that pioglitazone had no therapeutic effect on renal fibrosis in a UUO model. Recent studies indicated that M2 macrophages may have a pro-fibrotic role and inhibition of M2 macrophages may decrease fibrosis in obstructive nephropathy (37) . Therefore, activation of M2 macrophages may explain why pioglitazone failed to attenuate UUO-induced renal fibrosis in the present study. The data are presented as the mean ± standard error of the mean (n=7). α-SMA, α-smooth muscle actin; CTRL, control; NS, not significant; PDGFR-β, platelet-derived growth factor receptor-β; Pio, pioglitazone; UUO, unilateral ureteral obstruction.
In conclusion, the present study demonstrated that pioglitazone induced polarization of M0 macrophages to M2 macrophages, which may represent a promising therapeutic target for macrophage related inflammatory disease. In addition, pioglitazone upregulated VEGFR3 expression in M2 macrophages via PPAR-γ. Although pioglitazone had no therapeutic effect on renal fibrosis, further investigations on the role of VEGFR3 + M2 macrophages in renal fibrosis, may provide novel insights and treatment strategies for renal fibrosis.
